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ABSTRACT

The forced Oscillation Technique (FOT) can be used to measure lung
impedance continuously during breathing. However, spectral overlap between the
breathing waveform and the applied flow oscillation can be problematic if the
frequency content of spontaneous breathing is unknown. This problem motivated us to
develop a modification to the FOT system called the Tracked Breathing Trainer. The
modification uses biofeedback to constrain subjects to breathe at a single predetermined
frequency. This thesis investigates the engineering and physiological aspects of the
modification we made. We studied 8 adult non-asthmatic and 8 adult asthmatic
subjects. Three 16 s perturbatory flow oscillation signals ranging from 1-40 Hz were
used on the subjects. Each subject received three trials per perturbation for both
spontaneous and tracked breathing. We then fitted a resistance-elastance-inertance
model of the lung to each data set. For non-asthmatic subjects, the average resistance
(R) and elastance (E) values for the first spontaneous breathing trial were 2.5±0.15
cmH2O.s.ml-1 and 18.1±3.55 cmH2O.ml-1, and for the third spontaneous breathing trial
were 2.4±0.12 cmH2O.s.ml-1 and 21.8±4 cmH2O.ml-1. R and E for the first tracked
breathing trial were 2.3±0.21 cmH2O.s.ml-1 and 33.6±7.4 cmH2O.ml-1, and for the third
tracked breathing trial were 2.4±0.14 cmH2O.s.ml-1 and 25.75±4.3 cmH2O.ml-1,
respectively. For asthmatic subjects, the average R and E values for the first
spontaneous breathing trial were 3.32±0.68 cmH2O.s.ml-1 and 39.13±9.8 cmH2O.ml-1,
and for the third spontaneous breathing trial were 3.12±0.15 cmH2O.s.ml-1 and
39.91±6.2 cmH2O.ml-1. R and E for the first tracked breathing trial were 2.86±0.15
cmH2O.s.ml-1 and 32.47±4.1 cmH2O.ml-1, and for the third tracked breathing trial were
2.86±0.21 cmH2O.s.ml-1 and 33.89±10 cmH2O.ml-1, respectively. These results show
that R was consistently lower during tracked breathing than spontaneous breathing in
both non-asthmatic and asthmatic subjects. However, an increase in E was observed
during tracked breathing. We suspect this effect may have resulted from dynamic
hyperinflation. These results also show that R and E are reproducible with both
spontaneous and tracked breathing, and that R and E were not noticeably different
between both breathing maneuvers. We conclude that using biofeedback to control the
breathing pattern during application of the FOT in normal subjects does not
significantly affect impedance measurements, and thus may be useful for avoiding
spectral overlap between FOT perturbations and the breathing pattern.
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CHAPTER 1: Background
1.1 Physiology

Breathing is a fundamental and essential process necessary for the survival and
functioning of every living organism. It is a part of a process of supplying oxygen to the
body and simultaneously getting rid of carbon dioxide from the body. It is one of the few
bodily functions that, within limits, can be controlled both consciously and unconsciously
(Arthur C. Guyton 2006). Conscious control of breathing is common in many forms of
meditation, yoga, swimming, cardio fitness, speech or vocal training. On the other hand,
unconscious breathing is controlled by specialized centers in the brainstem, which
automatically regulate the rate and depth of breathing depending on the requirements of
the body (Rabbany 2000).

1.1.1 Breathing Mechanics
Breathing

results

from

many

different

systems

(nervous,

muscular,

cardiovascular) working together in a very synchronized and harmonious way. When a
person inhales, the diaphragm muscle present in the thorax contracts. It then moves
downwards, causing an increase in the thoracic volume. This process works in
combination with the intercostal muscles connected to the rib cage. Contraction of these
muscles lifts the rib cage, thus assisting in increasing the thoracic volume which causes
the pressure inside to decrease, creating a partial vacuum. Due to this vacuum, air from
the atmosphere tends to move in and fill the lungs. During expiration the diaphragm
relaxes and compresses the lungs, effectively decreasing their volume while increasing
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the pressure inside them. The intercostal muscles simultaneously relax, further decreasing
the volume of the lungs. Due to this increased pressure, the air inside the lungs is forced
out through the nose and the mouth. This process is illustrated in Figure 1.

Figure 1. Breathing mechanics during inspiration and expiration
Image source:
(Petrosino).

online

image-http://www.edb.utexas.edu/petrosino/Legacy_Cycle/mf_jm/Challenge2/index.html

1.2 Pathophysiology
There are many diseases that can hinder the breathing process and cause
respiratory failure. Most of these respiratory diseases fall under the classification of
obstructive and restrictive diseases(Arthur C. Guyton 2006). Diseases which cause
obstruction in the lungs and hinder gas exchange are classified as obstructive lung
disease; some common examples of obstructive lung disease are asthma, bronchitis, and
chronic obstructive pulmonary disease (COPD). The diseases which cause a decrement in
lung function by restricting the volume of air that can be inhaled are classified as
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restrictive diseases. These types of diseases occur mainly due to extra growth of cells,
protein deposition, etc within the lungs. Common examples include pulmonary fibrosis
and pulmonary edema.

1.3 Lung Mechanics

Respiratory diseases affect 7% of the population and 300 million worldwide,
with a prevalence that is higher in the US than in most other countries in the world. It
also varies significantly between the diverse US populations (Gold and Wright 2005;
MERCK 2008; Fanta 2009). Diagnostic tests are vital for physicians in identifying
respiratory disease and prescribing the appropriate treatment to the patient. These
diagnostic tests are called Pulmonary Function Tests (PFT), and are used to evaluate lung
volumes, air flow, gas diffusion rates, airway resistance, airway closure and many other
relevant parameters. Spirometry, plethysmography, computer tomography (CT), X-rays
and the forced oscillation technique (FOT) are some of the commonly used methods with
which respiratory physicians diagnose the particular respiratory disease a patient may be
suffering from.

1.3.1 Pulmonary Function Tests

For this thesis, we will only cover the techniques that we used to classify
subjects as either asthmatic or non asthmatic.
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1.3.1.1 Spirometry
The most common PFT is spirometry, which is a test used to measure lung
volumes and flows. Spirometry is essential in the assessment of conditions such as
asthma, COPD, pulmonary fibrosis and cystic fibrosis. The spirometry test is performed
using a device called a spirometer, which comes in several different varieties, and
displays a spirogram which is a volume-time curve showing volume (liters) along the Yaxis and time (seconds) along the X-axis (Figure 2). It also displays the flow-volume
loop, showing airflow on the Y-axis and the volume inspired or expired on the X-axis
(Figure 3).

Figure 2. Volume v/s time plot and capacities of the lung.
The lung in general can hold a volume of 6 liters of air. Volumes: There are four volumes which do not overlap: (1)
tidal volume is the volumes of gas inhaled or exhaled during each respiratory cycle; (2) inspiratory reserve volume is
the maximal volume of gas inspired from end respiration; (3) expiratory reserve volume is the maximal volume of gas
exhaled from end respiration; and (4) residual volume is the volume of gas remaining in the lungs after a maximal
exhalation. Capacities: There are four capacities, each of which contains two or more primary volumes: (1) total lung
capacity is the amount of gas contained in the lung at maximal inspiration; (2) Vital capacity is the maximal volume of
gas that can be expelled from the lungs by a forceful effort after maximal inspiration, without regard for the time
involved; (3) inspiratory capacity is the maximal volume of gas that can be inspired from the resting expiratory level;
and (4) functional residual capacity is the volume of gas at resting end expiration. Image source:
http://www.frca.co.uk/article.aspx?articleid=100023(UK 2004)
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Figure 3. Flow v/s Volume curve recorded during inspiration and expiration in a subject.
Image source: http://emedicine.medscape.com/article/303239-overview (McCarthy 2009)

Spirometry is used to perform forced vital capacity (FVC) and forced expiratory
volume (FEV) tests. The patient is asked to take the deepest breath they can possibly take
and then exhale into a flow meter as hard as possible and for as long as possible. This is
sometimes followed by a quick inhalation, especially when assessing upper airway
obstruction. Sometimes, the test will be preceded by a period of quiet breathing to
measure tidal volume. During the test, patients wear nose clips to prevent air escaping
through the nose. Filter mouthpieces are also used to prevent the spread of
microorganisms, particularly for inspiratory maneuvers. Results are obtained as both raw
data (liters, liters per second) and as percent predicted. The predicted values relate to
normal subjects with similar characteristics (height, age, sex, and sometimes race and
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weight). The interpretation of the results can vary depending on the physician and the
source of the predicted values. On the whole, normal results are close to 100% but even
80% are often considered normal(Miller, Crapo et al. 2005).

The plot of volume on the y-axis versus time on the x-axis is called the Forced
Vital Capacity (FVC) curve. This curve provides, for example, the volume exhaled
during the first second following the start of the maneuver (FEVt), the ratio of FEVt to
FVC, and average flow rates over different portions of the curve (Murray 2000). An
output summary of clinical spirometry, including these different components, is given in
the Table 1.
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Table 1.Summary of parameters commonly measured while performing spirometry.
Abbreviation

Name

Description

FVC

Forced Vital Capacity

volume of air that can forcibly be blown out after full
inhalation, measured in liters

FEV1

Forced Expiratory Volume

Maximum volume of air that can forcibly blown out in the

in 1 Second

first second during the FVC maneuver, measured in liters.
Along with FVC it is considered one of the primary
determinants of lung function.

FEV1/FVC

FEV1%

Ratio of FEV1 to FVC. In healthy adults this is seen to be
approximately around 75–80%.

PEF

Peak Expiratory Flow

Maximal flow achieved during the maximally forced
exhalation initiated at full inhalation, measured in liters per
second.

FEF 25–75% or 25–

Forced Expiratory Flow 25–

The average flow of air coming out of the lungs during the

50%

75% or 25–50%

middle portion of the expiration.

FIF 25–75% or 25–

Forced Inspiratory Flow 25–

This is similar to FEF 25–75% or 25–50% except the

50%

75% or 25–50%

measurement is taken during inspiration.

FET

Forced Expiratory Time

Measures the length of the expiration in seconds.

SVC

Slow Vital capacity

Maximum volume of air that can be exhaled slowly after
slow maximum inhalation.

TV

Tidal volume

During the respiratory cycle, a specific volume of air is
drawn into and then expired out of the lungs. This volume is
tidal volume.

MVV

Maximum Voluntary

A measure of the maximum amount of air that can be

Ventilation

inhaled and exhaled in one minute, measured in
liters/minute.
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Then flow-volume relationship helps in understanding the mechanical events
limiting maximal expiration. The parameters in table 1 can be measured from flow
volume loops as illustrated in Figure 4.

Figure 4.Flow-Volume loop showing successful FVC maneuver.
Positive values represent expiration, negative values represent inspiration. The trace moves clockwise for expiration
followed by inspiration. (Note the FEV1, FEV1/2 and FEV3 values are arbitrary in this graph and just shown for
illustrative purposes). Image Source:(Ves Dimov 2009)

By superimposition of repeated curves, a maximal flow-volume envelope can
be produced for a subject. The envelope characterizes the maximal flows of which the
respiratory system is capable, and it may exceed the air flow rates achieved in any single
maneuver. The flow-volume curve and FEV-time curve are mathematically
interchangeable and can be derived from one another. This helps in maintaining the
accuracy of the tests. The flow-volume curve during forced expiration has a classic
appearance; it shows a rapid rise to peak flow and an approximately linear descent with
flow being proportional to volume. The initial portion of the curve is effort dependent,
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i.e. the more effort the subject exerts during exhaling, along with increasing intrathoracic
pressure, the more flow is generated. This portion has no diagnostic value as it is entirely
reflective of the muscular effort of the subject. However, once the peak flow is achieved,
the curve follows an effort independent envelope, with flow decreasing in proportion to
volume until it reaches residual volume (RV). This part of the curve is reproducible and
is affected in a characteristic manner by diseases that affect the mechanical properties of
the lungs.

Figure 5.Flow-volume curves of patients suffering from various types of obstructive and restrictive
lung diseases.
Image Source(UK 2004)

In patients suffering from obstructive ventilatory defects, the linear descent of
the flow-volume curve is disrupted by an initial sharp downward deflection as seen in
figure 5, indicating that this portion of curve represents the effect of major central airway
compression. Presence of airway obstruction can be thus deduced from an upward
concavity observed in the descending limb of the curve. In emphysema it has also been
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observed that the descending limb tends to become concave upward. This loss in linearity
relates to the severity of the obstruction as well as the type of obstruction. The difference
between expiratory flow during tidal breathing and during maximal effort is a measure of
pulmonary reserve with respect to airflow. As the severity of air flow obstruction
increases, this pulmonary reserve decreases, first at low lung volume, and then at higher
lung volumes as the disease becomes more severe. Pulmonary reserve also decreases due
to obesity, pregnancy, or ascites (Murray 2000).

In a patient suffering from restrictive ventilatory disease, the increase in the
force driving expiratory flow, outward pulling on the airway walls and decrease in vital
capacity are explained by the increase in lung elastic recoil. In this case, the usual flowvolume curve is taller and narrower than normal. The peak expiratory flow (PEF) is
relatively preserved but the descending portion of the expiratory limb is linear. In other
words, the loop often maintains an almost normal shape in restrictive disease, but appears
miniaturized in all directions.

1.3.1.2 Plethysmography

Spirometry can track volume changes in the lung, but it cannot be used to
measure the absolute volume of gas in the lungs because we cannot empty the lungs
completely, even with maximal expiratory effort. This is where body plethysmography is
useful. A plethysmograph is a sealed chamber roughly the size of a phone booth inside
which the subject sits (Figure 6). It is used to measure the change in total body volume.
There are two types of body plethysmograph. In one type, a spirometer or a
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pneumotachograph measures the volume of air displaced as a result of changes in body
volume. In the other type, a change in body volume is recorded as a change in the box
pressure (Jason.H.Bates 2008) .
The plethysmograph measurements are calculated using Boyle’s law which
states that, for a fixed number of moles of gas, at fixed temperature, the product of
pressure and volume is a constant.

Figure 6.Plethysmograph made by Med Graphics, MN, U.S.A

The end of expiration, alveolar pressure (PA) equals atmospheric pressure (Patm)
as there is no air flow. At this point the subject’s airway is occluded and the subject
makes small inspiratory and expiratory efforts against the closed airway. During the
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inspiratory efforts, the thorax enlarges due to the small amount of volume change in the
lungs (ΔVTG) as intrathoracic gas is decompressed, creating a new thoracic gas volume
(VTG’= VTG+ ΔVTG) and new pressure (PA’= PA+ΔPA). The new alveolar pressure (PA’) is
measured by a pressure transducer between the subject’s mouth and the point of
occlusion. It is assumed that mouth pressure (Pmouth) equals the PA during compressional
changes because there is no air flow along the airways. That is, pressure changes are
equal throughout a static fluid system (Pascal’s Principle). Therefore,
PAVTG  PA 'VTG '  ( PA  PA )(VTG  VTG )

[1]

If PA  PA , then PA VTG  0 , So

[2]

PA VTG  PAVTG  PA VTG  0

[3]

This gives,

VTG  

VTG
PA
PA

[4]

The other use of the body plethysmography is in the measurement of airway
resistance (Raw). For this, the subject is asked to breathe in quick shallow pants while the
.

pneumotachograph measures the respiratory flow ( V ) at the mouth, while Pmouth and PA
are simultaneously measured. During this maneuver, a negative pressure relative to
atmospheric pressure arises in the alveolar gas present in the lungs during inspiration and
vice versa during expiration. These changes in PA cause subsequent changes in the
12

thoracic volume (VTG) as per Boyle’s law. The changes in the VTG causes equal and
opposite changes in volume of the gas present in the box (ΔVTG), which causes a
measurable change in box pressure. With the VTG calculated from Eq. 4 the only
unknown quantity is the alveolar pressure (PA) which is obtained by,

PA  

PAVTG
VTG

[5]

Now that we know the pressure drop along the pulmonary airways we can
calculate Raw as

Raw 

Pmouth  PA

[6]

.

V

1.3.1.3 Forced Oscillation Technique (FOT)
The FOT is a generic term used for any method that applies a broadband flow
.

V (t ) signal to the lung for the purposes of measuring the lung impedance. In principle,
anything that causes flow to be other than a single sine wave can be considered a flow
perturbation device for the forced oscillation technique (Lutchen, Yang et al. 1993). The
FOT has been in existence for more than 50 years and is now the subject of a huge
literature (DuBois, Brody et al. 1956; Pride 1992; Farre, Ferrer et al. 1998; Navajas and
Farre 2001; Oostveen, MacLeod et al. 2003; Kaminsky, Irvin et al. 2008). The devices
currently available in the market can measure the impedance across a spectrum of 4-40
13

Hz during quiet breathing. Figure 7 depicts the experimental setup we used for applying
the forced oscillation technique in a conscious subject. This device can measure
impedance down to frequencies of 1 Hz or lower.

Nose Clip

Pneumotachograph

Mouth
piece
filter

Pressure
Transducer

Variable displacement piston

Figure 7.Subject on FOT device during conscious quiet breathing.

.

The oscillations in V (t ) are typically produced by using a loudspeaker (Oostveen,
MacLeod et al. 2003), but for this study we used a device with a variable frequency
.

piston pump (Schuessler Sept. 1995). V (t ) is measured using a pneumotachograph. The
pressure P(t ) at the mouth is measured with a pressure transducer communicating with
.

the flow stream through a lateral port. The flow V (t ) and the pressure P(t ) are low-pass
filtered based on the flow perturbation used, followed by digitization at twice the filter
cutoff frequency (Jason.H.Bates 2008). The procedure for using FOT is illustrated in
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Figure 8. The subject breathes on the system while wearing a nose clip and holding the
.

cheeks to reduce upper airway compliance. V (t ) oscillations are introduced into the
mouth as input to the lungs.

The information provided by the FOT about lung mechanics depends to a great
.

extent on the frequency content of the V (t ) that is applied to the lungs. There are several
.

types of V (t ) waveform that are used such as pseudo random noise or a train of square
pulses. However, the best approach is to decide exactly what frequency content the
.

V (t ) signal should have, and then generate a precise signal consisting of the appropriate
sum of sine waves.

800

600

400

flow(ml/s)

200

0

-200

-400

-600
0

2

4

6

8

Time (Sec)

Figure 8.Broadband composite flow signal comprising having 6 mutually prime frequencies ranging
from 1-20 Hz and having equal amplitudes
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The signal shown in figure 8 is a composite signal, consisting of a sum of 6 sine
waves having frequencies chosen specifically to span the range of interest (1-20 Hz) with
amplitudes selected to give a good signal-to-noise at each frequency. The phases of sine.

waves are chosen so as to minimize the peak-to-peak excursion in V (t ) because the lung
is more likely to behave as a linear system for lower amplitudes of perturbation
(Jason.H.Bates 2008).
Another possibility is to adjust the amplitudes and phases of the component sine
waves so that they comprise a waveform that is suitable for mechanically ventilating a
subject(Lutchen, Yang et al. 1993). As long as the signal retains the necessary spectral
content, it can be used for the purposes of identifying impedance Z. Flow oscillations can
be applied to an apneic subject or over the top of spontaneous breathing(Jason.H.Bates
2008). However, in the latter case, the frequency content of the applied oscillations may
tend to overlap the spectral content of the breathing pattern. Most of the power in
.

V (t ) during spontaneous breathing is located at the fundamental frequency of breathing,
which in all humans is normally below 0.5 Hz, but some power also exists at higher
harmonics. This means that the forced oscillations must be applied above about 4 Hz
during spontaneous breathing.

1.3.2 Model theory

The lung is a highly complex system, so investigators now use advanced system
identification techniques to measure the overall mechanical impedance of the lung (Z)
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over a range of frequencies (f). The way in which Z varies with f may be taken as a purely
empirical indication of lung mechanical function, but this does not relate structure to
function. Better physiological insight is obtained when Z is interpreted in terms of a
suitable mathematical model comprised of components representing distinct central and
peripheral elements in the lung (Hantos, Daroczy et al. 1992; Hirai, McKeown et al.
1999; KACZKA, INGENITO et al. 1999; Bates and Lutchen 2005). The model
parameters are presumed to correspond to important physiological quantities and are
evaluated by fitting the model to Z. In this thesis we consider the lung to behave as a
linear dynamic system that can be viewed as a balloon sealed over the end of a pipe as
seen in figure 9 (A). The balloon represents the expandable lung tissues and the pipe
represents the pulmonary airways. The mass of air in the airways must also be taken into
account, and gives the model an inertance.
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A

R= Resistance
E= Elastance
.

V (t )
B
Pe

E

V(t)

Rt

P

I

Raw

.

V (t )

Pe = elastic pressure
V(t)= volume of air in
compartment
R = Rt + Raw
E = Elastance
R= Total Resistance
Rt = Tissue Resistance
Raw = Airway Resistance
P = pressure difference
between proximal and distal
ends of the pipe
.

V (t ) = oscillatory flow
I = Inertance

Figure 9.Single compartment linear model
Single compartment linear model (A) Pipe and balloon model of the lungs with resistance and elastance;
(B) Mechanical spring and dashpot model equivalent to balloon and pipe model
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1.3.2.1 The single compartment model
The models in Fig 9 A &B are mathematically equivalent to each other because
at any point in time the state of either is uniquely specified by a single physical variable,
namely the volume of gas in the elastic compartment. Therefore, we say that these
models have a single mechanical degree of freedom. Figure 9 B shows the alveolar
compartment consisting of a pair of telescopic canisters connected to each other by a
spring which stretches as the compartment volume (V) is increased. The tension
generated by stretching the spring produces an elastic pressure (Pe) inside the
compartment. Pe is responsible for returning the compartment to its original volume when
the inflating pressure is removed. This imitates the passive expiration process that occurs
in a lung when the respiratory muscles relax at the end of an inspiration. A single pipe
connects the compartment of the model to the outside world. A certain amount of
pressure (ΔP) is required to drive a given flow of gas through this pipe, similar to that
pressure required to drive flow through the airways of a lung. The pipe offers some
amount of resistance to flow. This resistance varies based on the length and the diameter
of the pipe. Therefore, by choosing the dimensions of the pipe appropriately, it can be
given a resistance similar to that of any particular set of pulmonary airways.
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1.3.2.1.1The equation of motion
We derive the equation of motion of the model based on the elastic properties of
spring and the flow resistance offered by the pipe. Firstly, we reflect on the elastic
properties of the alveolar compartment that determines how Pe is related to V. If we
assume the spring to be Hookean then we can say that its tension increases linearly as the
spring is stretched past its relaxed length. Thus, Pe inside the compartment increases
linearly with V and its slope is E. i.e.

Pe  EV

[7]

where E is elastance (inverse of compliance, or how difficult it is to inflate the alveolar
compartment).
Next, the flow resistance in the pipe can be described in a similar way by
assuming the pressure difference (ΔP) between the proximal and distal ends of the pipe
increases linearly with flow. That is,
.

P  R V

[8]

where R= Airway Resistance (Raw) + Tissue Resistance (Rt)
.

V is the derivative of V with respect to time.

The total pressure across the model, from the entrance of the conduit to the
outside of the compartment wall, is the sum of the pressure drops across the conduit and
in the compartment. i.e.
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P  Pe  P

[9]

or,
.

P  EV (t )  RV (t )

[10]

The Equation 10 above is a first- order differential equation. The variables of the
.

model are P, V and V , and its parameters are E and R. It is a linear model because if we
.

make a plot of dependent variable, P, versus the independent variables, V and V , when
everything else is kept constant, the result would be a straight line. However, the equation
is still not complete. In a real lung there is always some amount of slightly negative
pressure existing which prevents the lungs from collapsing. Thus, the equation with this
offset pressure (P0) is
.

P  EV (t )  RV (t )  P0

[11]
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1.3.2.1.2 Concept of Inertance

When oscillation frequencies exceed those of the normal breathing, the
pressures required to accelerate structures in the lung begin to become more prominent.
This phenomenon occurs due to the mass of the gas in the central airways.

r
P

lP

P

x
Figure 10. Depicts gas filled airway pipe of length l, radius r, pressure force P and moving in the x
direction.

Consider a gas occupied airway pipe with a length l and radius r (Figure 10). If
the density of gas is ρ then the mass of the gas should be r 2 l . The pressure (P) acts as a
force to accelerate this cylinder over the entire cross sectional area of the pipe. The
acceleration of the cylinder in the axial direction (dx/dt) is equal to the volume
acceleration divided by the pipe cross section. Substituting these components into
Newton’s law of motion gives

1 d 2V
r P  r l ( 2
)
r dt

[12]

..
l ..
V

I
V
r 2

[13]

2

P 

2

22

Giving, I 

l
r 2

[14]

Therefore, I increases as the airways narrow. The inertive term can be added to
equation 11 (the single compartment model) to obtain a second order differential equation
of motion, i.e.
.

..

P  EV (t )  RV (t )  I V (t ) P0

[15]

1.4 Problem and approach
The problem we face with the FOT system is that when a person breathes
spontaneously onto the system, spectral overlap of forced oscillations with the frequency
content of breathing pattern may occur because the frequency content of the breathing
pattern is unknown. This makes it difficult to resolve the mechanical impedance of the
respiratory system in the region of overlap. The way to overcome this problem is to
create a modification which allows us to set a breathing target with a fixed frequency and
make the subject follow it. In order for the subject to maintain the tracking target we use
visual bio-feedback. In this thesis, we investigate and compare the effects of the FOT
system modification on lung impedance measurements.

23

Chapter 2: Experiments and Data Analysis
2.1 Human subjects
To understand the functioning of the tracked breathing trainer, preliminary tests
of the FOT system were performed on 5 non-asthmatic subjects. These 5 non-asthmatic
subjects did not undergo PFTs. We then studied 3 non-asthmatics, 2 severe to moderate
asthmatics, and 6 stable asthmatic subjects. These 11 subjects underwent both PFT and
FOT system testing. All the subjects were recruited from the State of Vermont. The age
ranges of these subjects varied from 18 to 80 years, 75 % were females and 25 % were
males. Most of the asthmatic subjects were using prescribed medication (Advair and
Albuterol). No prior training was given to the subjects. Consent from the subjects was
obtained prior to testing, and the subjects gave written consent for us to use their data in
this thesis. These studies were approved by the Institutional Review Board (IRB) of
University of Vermont. The results of the 11 subjects that were given standard clinical
PFTs are presented in Tables 2 and 3.
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Table 2.Pulmonary Function test-Spirometry
PFT

Spirometry

Sub.

Sub.

Non-asthmatic,
Stable ,Mod-Severe

Male or
Female

FVC

%Pred

FEV1

%Pred

FEV1/FVC

%Pred

#

age

1

33

Non-asthmatic

Male

4.42

87

3.59

87

81

100

2

19

Non-asthmatic

Female

4.61

113

4.05

114

88

101

3

45

Non-asthmatic

Female

3.11

105

2.67

No
Data

86

No
Data

4

21

Stable

Female

5.08

120

3.6

98

71

82

5

38

Stable

Female

3.17

92

2.65

93

83

101

6

19

Stable

Female

3.76

89

3.33

88

88

102

7

30

Stable

Female

3.82

107

3.3

109

86

103

8

55

Stable

Female

2.58

79

2.23

88

86

109

9

18

Stable

Female

4.35

110

3.76

108

86

99

10

26

Mod-Severe

Female

3.96

104

2.51

77

63

75

11

19

Mod-Severe

Male

5.63

101

4.17

90

74

88
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Table 3.Pulmonary function Test-Plethysmography.
PFT
Sub. #

Plethysmography
Sub.

Non-asthmatic, Stable,
Mod-Severe

M/F

RV

%Pred

TLC

%Pred

Raw

%Pred

age
1

33

Non-asthmatic

Male

1.39

89

5.82

90

1.87

129

2

19

Non-asthmatic

Female

1.68

131

6.24

115

0.76

41

3

45

Non-asthmatic

Female

1.82

117

5.06

108

0.75

40

4

21

Stable

Female

1.26

91

6.3

112

1.36

73

5

38

Stable

Female

1.34

94

4.79

102

1.48

80

6

19

Stable

Female

1.84

132

5.52

96

0.98

53

7

30

Stable

Female

1.54

118

5.32

111

1.35

72

8

55

Stable

Female

2.24

124

5.09

105

1.53

82

9

18

Stable

Female

1.28

105

5.49

104

1.26

68

10

26

Mod-Severe

Female

1.63

124

5.4

106

3.89

209

11

19

Mod-Severe

Male

2.13

148

7.63

108

1.44

99
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2.2 FOT Protocol
We performed the FOT tests on all 16 subjects in two ways. First, the subjects
breathed on the FOT system mouthpiece while holding their cheeks and wearing a nose
clip, and performed two different tasks. The first task required the subjects to breathe
spontaneously while sitting relaxed, while for the second task they were asked to follow a
target waveform presented on the computer monitor (tracked breathing). The target
waveform was created using LAB View™ software, which is discussed later. We applied
three different flow perturbation signals of 16 seconds duration during both spontaneous
and tracked breathing tasks. We used a single frequency flow perturbation (SFFP)
consisting of a single frequency component, at 8 Hz. The second perturbation applied
was a composite broadband flow perturbation (CBFP-1) consisting of 13 frequencies
which were mutually prime to each other, the frequencies being 1.5, 2.5, 3.5, 5.5, 6.5, 8.5,
9.5, 11.5, 14.5, 15.5, 18.5 and 20.5 Hz. The third perturbation we applied was another
composite broadband flow perturbation (CBFP-2) which consisted of 6 frequencies
which were also mutually prime to each other, the frequencies being 2, 3, 5, 7, 11 and 13
Hz respectively.
Single frequency perturbation was used in order to track airway resistance. It has
been observed in many studies (Verbeken, Cauberghs et al. 1992; G J Wesseling 1993)
that 8 Hz is close to the resonant frequency of the respiratory system where the effects of
elastance and inertance essentially cancel each other. We used the composite signals with
mutually prime frequencies in order to avoid the problem of harmonic distortion.
Specifically, the principle of superposition fails for non linear systems, so that each
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output component in a non linear system can potentially receive contributions from all
frequency components in the input. In this situation we cannot know how much of the
output power at any particular frequency comes from the input at that frequency and how
much comes from the input at other frequencies. However, a given frequency in the
output will be corrupted by the higher harmonics of lower frequency input components
only if the output frequency is an integer multiple of one or more of the lower input
frequencies. This situation can be avoided if the frequencies in the input are mutually
prime, so that none is an integer multiple of any other (Daroczy 1990).
Three trials per perturbation signal were carried out for both spontaneous and
tracked breathing tasks on all 16 subjects. The data obtained were fit with the single
compartment linear model (Eq. 15). This gave resistance (R) and elastance (E) values.
Model fitting was performed using analytical software (ANADAT™ ver. 5.2) developed
by Jason Bates.
The PFTs were carried out separately by a respiratory technician using
Medgraphics Platinum Elite Dx Device. Breeze Suite 6.1 software was used to analyze
and calculate the results of the PFTs.
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2.3 Lab VIEW
For the purpose of designing a tracked breathing trainer, we used Lab VIEW™
software (Laboratory Virtual Instrumentation Engineering Workbench) by National
Instruments, Austin, TX, U.S.A. Lab VIEW is a commonly used software tool for
instrument control, data acquisition, and industrial automation on various operating
systems such as Microsoft Windows, UNIX, Linux, and Mac OS(Jeffrey Travis 2006;
Blume 2007). The programming language used in Lab VIEW, also called G, is a dataflow
programming language. The program is executed based on the structure of a graphical
block diagram on which the programmer connects different function-nodes by drawing
wires. These wires transmit variables, and any node can execute as soon as all its input
data become available. Given that this might be the case for multiple nodes
simultaneously, Lab VIEW is inherently capable of parallel execution (Instrument 1996).

Lab VIEW programs or subroutines are called virtual instruments (VIs). Each
VI consists of three components, a block diagram, a front panel, and a connector panel.
The latter represents the VI in the block diagrams of other, calling VIs. An operator can
input data into or extract data from a running virtual instrument using the controls and
indicators available on the front panel(Instrument 2001). The front panel can also serve as
a programmatic interface. Thus, a virtual instrument can either be run as a program, with
the front panel serving as a user interface, or, when dropped as a node onto the block
diagram, the front panel classifies the inputs and outputs for the given node through the
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connector panel. This allows each VI to be easily tested before being embedded as a
subroutine into a larger program.

The graphical approach makes it easy for non-programmers to create programs
by simply dragging and dropping virtual representations of lab equipment which they are
already familiar with(Kodosky). The Lab VIEW programming environment, with its
included examples and documentation, makes it simple to create small applications. This
is an advantage for non-programmers. However, there is also a certain risk of
underestimating the expertise needed for good quality Lab VIEW programming. To
create complex algorithms or large-scale code, it is essential that the programmer has an
extensive knowledge of the special Lab VIEW functions and the topology of its memory
management.

For this thesis, we created a Tracked Breathing Trainer using Lab VIEW ver
8.2. The front panel of the software is shown in Figure 11.
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2.3.1 Tracked Breathing Trainer

Figure 11.Tracked Breathing Trainer front panel
This figure illustrates a subject following the target (red sinusoidal wave) using a tracker (green ball).

The software presents the user with a red sinusoidal tracking target which can be
adjusted by the operator to have a breathing frequency similar to that of the subject being
tested. A green tracking ball moves vertically to reflect the flow of the subject measured
by a pneumotachograph. Thus, when the subject exhales the ball will move upwards, and
it moves downwards during inhalation, while the sinusoidal red wave scrolls horizontally.
The subject tries to keep the green ball on the red track. The breathing rate is varied by
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adjusting the minute ventilation and tidal volume. A zero offset allows the green ball to
be placed exactly at center level of the screen.

2.3.2 Components

Tracker
adjustment

Wave
Generator

Chart display
Adjustment

Figure 12.Block diagram of the tracked breathing trainer comprising 3 highlighted areas of interest.

As discussed in section 2.3, LAB View uses a graphical approach to create
programs. Figure 12 gives an overview of the structure of the Tracked Breathing Trainer
program. Figure 12 has been divided into 3 sections, each indicated by a dashed box of
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different color. The first section is the wave generator. In this section the most prominent
feature is the simulate signal module. This module is programmed to select the desired
type of waveform to be created. Then the waveform parameters are specified. We control
the frequency and amplitude of wave generation by specifying desired minute ventilation
and tidal volume, controlled by an adjustable button on the front panel in figure 12 and
discussed in section 2.3.1.

The output from the simulate signal module is sent to the overhead display
module present inside the tracker adjustment section. The tracker adjustment section
comprises multiple modules which include a NI-DAQ (data acquisition module), low
pass filter module, overhead display module, the tracker ball controller module (game
piece), zero offset adjust, and the emergency stop button. The NI-DAQ acquisition
module is on the extreme top left-hand corner in the tracker adjustment section in Figure
12. It acquires the flow from the pneumotachograph and converts it into a voltage signal
input and controls the tracker ball. The voltage calibration value for the NI-DAQ
acquisition module was 1 mV equals 1 ml/s.

The color and shape of the tracker ball are assigned through the tracker
controller module present on the extreme top right-hand corner in Figure 12. The tracker
controller module uses the output from the NI-DAQ module to control the movement of
the ball and its coordinates on the display screen. The output from the NI-DAQ module is
attached to a low-pass filter module so as to prevent the ball from having a jittery
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movement on the screen, since the transducer obtaining the input from the
pneumotachograph is highly sensitive.

The emergency STOP module is a standard module present whenever we have a
looping structure. Its main function is to stop all activity occurring in the VI when the
button is activated. The only adjustment that can be performed from the front panel in
this section is the zero offset which allows the tracker ball to be brought to the 0 position
on the display screen while starting the program.

Lastly, the chart display adjustment section consists of the overhead display
controller. This adjusts the width and length of the screen displaying the waveform and
the tracker ball. These values are fixed and cannot be changed from the front panel.

2.4 Flow Simulations

In order to have an interactive feedback between the Tracked Breathing Trainer
and the subject breathing on the FOT system, we extended the FOT system by attaching a
pneumotachograph to the lateral port. The pneumotachograph provides input signal to the
NI-DAQ module in the Tracked Breathing Trainer as discussed in section 2.3.2. We used
two computers; one was solely dedicated to driving and collecting measurements from
the FOT device and the other was assigned for the Tracked Breathing Trainer.
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FOT driver

Tracked
Breathing
Trainer

Piston

Side arm resistance
Pneumotachograph

Filter

Figure 13.Illustrates the hardware configuration of the FOT system.

The blue dotted box represents the modification we attached to the existing FOT
device. The problem we faced was that we needed to have optimal side arm resistance so
that the flow generated by the piston would not escape out of the side arm entirely. At the
same time, however, we also could not have a high resistance that made it too difficult for
the subject to breathe onto the system or perform tracked breathing. Therefore, to select
an optimal amount of resistance, we modeled the FOT system as a virtual electrical
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circuit. We then performed various circuit simulations in order to select an appropriate
side arm resistance. The electrical equivalent circuit of the FOT system is shown in
Figure 14.
Rpneumo
1

V1
-1/1V

i

8 Hz

Rsar
6

Rfilter
1

Rtube
2

i1

i2
Rpn
1

Figure 14.Electrical representation of the FOT system.

In Figure 14, a voltage source generates current with a frequency of 8 Hz and
peak amplitude of 1. This voltage source is similar to the FOT driver system which
generates the 8 Hz perturbatory flow oscillations with a piston. From Figure 13, we see
that the main arm of the FOT system has a pneumotachograph, a filter mouthpiece. The
lateral port has a side arm resistance and a pneumotachograph. Both pneumotachographs
comprise some amount of resistance, each of which was estimated to be approximately 1
Ohm. The resistance of the filter was also determined to be around 1 Ohm in the
electrical circuit, or equivalently 1 cm.H2O.s.ml-1. There is also some amount of
resistance offered by the tube of the FOT system, of approximately 2 Ohm. The side arm
resistance was given a variable value in for the electrical circuit simulation.
.

To calculate the V from measurements using P and R, we use
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P  RV  V  iR

[16]

P  V  A sin t

[17]

where ω = 2πf
Therefore to calculate the value of current (flow) entering the main arm we use

i1 

A sin t
R pneumo  R filter  Rtube

[18]

and to calculate the current entering the side arm we use

i2 

A sin t
R pneumo  Rsar

[19]

To determine the required side arm resistance, we first needed to calculate flow
or current through the entire system or circuit. Therefore we shut off the side arm on the
FOT system and then input a single frequency 8 Hz perturbation signal to determine the
maximum flow signal that could be applied to the subject. Similarly for the electrical
circuit, we removed the pathway representing the side arm and calculated the current
throughout the circuit. We then reattached the variable resistance and pneumotachograph
in the circuit, and adjusted the resistance of the side arm so as to achieve a balance
between its resistance and the loss of flow through the main branch at the circuit. In the
FOT system, we used rubber tubing of different diameters as variable resistances. We
found the adequate balance resistance to be provided by a rubber tube having length 6
cm, outer diameter of 0.8 cm and inner diameter of 0.6 cm. The resistance value was
estimated to be approximately 6 Ohm in the electrical circuit, or equivalently 6
cm.H2O.s.ml-1 in the FOT system itself.
.
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2.5 ANADAT overview
ANADAT™ is a signal processing software package created by Dr. Jason Bates
.

using Visual Basic for DOS. The values of P, V and V are recorded by the transducers in
the FOT system and stored on disk. ANADAT then accesses these files and performs the
necessary signal manipulations and model fitting. The GUI of ANADAT is shown in
Figure 15.

Figure 15.GUI of ANADAT.
This is followed after a startup screen and all the calculations and importing exporting data can be done from the select
options as seen on the screen.
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2.5.1 Analysis procedure
.

To extract the R and E values from the parameters P, V and V , model fitting
using recursive multiple linear regression was performed. However, before we performed
recursive multiple linear regression, we filtered out the breathing waveform from each of
.

the P, V and V signals by using a running average. The window width used for the
running average for each perturbation was chosen as the period of the lowest frequency
component. For SFFP, only one frequency is present (8 Hz). We therefore took the
inverse of the single frequency and rounded it off the next highest value. The inverse for
8 Hz is 0.125 s, so we rounded it off to 0.2 s and use it as the window width value. For
both CBFP-1 and CBFP-2 the lowest frequency component is 1 Hz. Taking the inverse of
1 Hz gives us a value of 1 s. Therefore, the width was 1 s for both CBFP signals. Figure
16 illustrates how the breathing frequency is filtered using a running average.
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Figure 16.Flow v/s time curves
The first panel shows the flow measured while a subject was breathing on the FOT. The second panel is the
flow (flow’) obtained after performing a running average using window width = 1 on the original flow
signal. The third panel is the filtered flow, i.e. it is the flow obtained after we subtract flow’ from the
original flow to remove the low oscillatory frequency due to breathing. The filtered flow is then used for
model fitting and obtaining the impedance parameter values.

The high-pass filtered flow is then used for model fitting. For a single frequency
flow perturbation we used the model described in Eq. 11. In order to model fit using
recursive multiple linear regression we first need to determine the dependent and
independent variables. In the case of Eq.11, the dependent variable is P and the
.

independent variables are V and V . With this information we can calculate continuous
signals for R and E. Recursive multiple linear regression was used instead of standard
.

multiple linear regression because when we fit the parameters P, V and V to Eq.11 by
multiple linear regression, it is assumed that values of R and E do not change over the
period of data collection(Lauzon and Bates 1991). However, the lung is never at
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mechanical steady state while measurements are being taken, in which case values of R
and E are not constant. The logical way to resolve this is to fit the model to the data
within an exponential window with a small time constant, and repeat the process as the
window is moved along the data. The values of R and E must still be constant over the
duration of the window, but they can vary from one window to the next. The shorter the
time constant window, the better one can resolve rapid changes seen in R and E. But,
.

shorter windows means that fewer measurements of P, V and V are used for each fit, so
the estimates of R and E are more sensitive to noise (Jason.H.Bates 2008). Therefore, we
must choose an appropriate window time constant. For this study we chose the window
time constant to be 1s for all the perturbations.
For composite broadband flow perturbations we used the model in Eq. 15. The
reason for adding an inertance parameter for the composite broadband flow perturbation
has been discussed in section 1.3.2.1.2. The procedure for extracting the R and E values
for composite broadband perturbations is similar to that discussed above. However, from
..

Eq. 15 we have one extra independent variable V due to presence of inertance. In order
..

.

to obtain V , we took the derivate of the V with respect to time before performing a
running average. Then, following the procedure discussed above, we performed model
fitting on the parameters to obtain R, E and I signals. In this thesis we concentrated only
on understanding the R and E.
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2.6 Origin overview
We used Origin® ver.8.0 to perform statistical analysis and plotting of data.
Origin® is a scientific data analysis and graphing software package, created by
OriginLab Corporation, Northampton, MA, U.S.A. It runs on the Microsoft Windows
operating system and supports various 2D and 3D graph types (OriginLab). In Origin,
data analyses such as statistics, signal processing, curve fitting and peak analysis can be
performed. Origin can import data files of various formats i.e. ASCII text, Excel, NI
TDM, DIADem, NetCDF, SPC, etc(John A. Wass). It can also export graphs to various
image file formats such as JPEG, GIF, EPS, TIFF, etc. The GUI of Origin software is like
a spreadsheet as seen in Figure 17. Unlike Excel, Origin's worksheet is column oriented,
such that each column has associated attributes like name, units and other user definable
labels. Instead of cell formula, Origin uses column formula for calculations. It also has
spark lines as seen in the Figure 17. These spark lines give a quick glance at how the data
will look before plotting them. Origin can be also used as a COM server from a program
written in VB.NET, Lab VIEW etc.
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Figure 17.GUI of Origin.
It also shows the spark lines which indicate how the plot will look without actually plotting it. The figure
shows an example of the R values taken from a subject during both spontaneous and tracked breathing.

2.7 Statistical Analysis
We performed statistical tests and hypothesis testing using an application
package which is incorporated within Origin® software. To run a test, the operator
selects the columns to be analyzed, selects the test from a menu and checks the
appropriate choice in the select box. The software then performs the operation and
provides the results. For this thesis we performed two tailed paired t-tests with a
confidence interval of 95 %. This test was carried out specifically to compare differences
of means between two types of breathing maneuvers for all the subjects in the same
group. Specifically, we tested the averaged values of R and E between both tracked and
spontaneous breathing to verify if the means were significantly different or not.
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Chapter 3: Results

3.1 Current and flow simulation

We carried out simulations using the electrical circuit and actual flow
measurements from the FOT system to determine an optimal side arm resistance in the
lateral port as described in section 2.4
A
A: rfilter[i]
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Figure 18.Current v/s time and Flow v/s time plots.
(A) Illustrates the results from electrical circuit simulation with no side arm and side pneumotachograph
resistance. The values are in mA which is flow equivalent of ml/s. (B) Illustrates flow measurement taken
when side arm was closed off on the FOT device.

44

The measurements in Figure 18 show that the values of current obtained from
the circuit simulation are similar to the values of flow obtained from the FOT system.

A
A: rtube[i]
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Figure 19.Current v/s Time plots.
(A) Illustrates current flowing through the main arm. (B) Illustrates current flowing through the side arm or
lateral port.

When the lateral port was opened on the FOT system and the resistances were
added back to the electrical circuit, the side arm resistance caused 62.5 % of the current
to flow through the main arm and 37.5% through the lateral port as shown in Figure 19.
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3.2 Non-Asthmatic subjects

We conducted the experiments mentioned in Section 2 on 8 healthy subjects. The
perturbatory signals we used are mentioned in section 2.2.

3.2.1 Average Resistance
A

0.0050

R (Cm.H2O.s.ml-1)

0.0045
0.0040
0.0035
0.0030
0.0025
0.0020
0.0015
0.0010
0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Time(s)

0.0050

B

R

-1

(Cm.H2O.s.ml )

0.0045
0.0040
0.0035
0.0030
0.0025
0.0020
0.0015
0.0010
0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

Time(S)

Figure 20. Ensemble-averaged resistance (R) with standard errors values from 8 healthy Nonasthmatic subjects.
Spontaneous breathing = Blue tracings; Tracked breathing = Red tracings; standard error spontaneous
breathing=black tracings; standard error tracked breathing = orange tracings. (A) Results obtained from the
first breathing trial for SFFP, (B) results obtained from the third trial for SFFP.

46

Figure 20 shows ensemble averaged R values along with standard errors from 8
non-asthmatic subjects obtained while performing both spontaneous and tracked
breathing maneuvers. The blue tracing in both panels represents R obtained during
spontaneous breathing and the red tracing shows R obtained during tracked breathing.
The data were collected using the single frequency flow perturbation described in section
2.2. The left panel shows the averaged results obtained during the first trials from both
breathing maneuvers. The right panel shows the averaged results from the third breathing
trial of both breathing maneuvers
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3.2.2 Average Elastance
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Figure 21.Ensemble-averaged elastance (E) values along with standard error from 8 healthy Nonasthmatic subjects.
Spontaneous breathing = Blue tracings; Tracked breathing = Red tracings; standard error spontaneous
breathing=black tracings; standard error tracked breathing = orange tracings. (A) Results obtained from the
first breathing trial, (B) results obtained from the third trial for SFFP.

Figure 21 shows ensemble averaged E values along with standard errors from 8
non-asthmatic subjects obtained while performing both spontaneous and tracked
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breathing maneuvers using the single frequency flow perturbation. The left panel shows
the averaged results obtained during the first trials from both breathing maneuvers. The
right panel shows the averaged results from the third breathing trial of both breathing
maneuvers.
The mean R during tracked breathing is consistently lower than during
spontaneous breathing and the reverse is true for E as seen from Figures 20 and 21. The
results of the trials for all perturbations are summarized in table 4.
Table 4.Ensemble of the average mean and standard deviation values for first and third trial for all
three perturbations introduced during spontaneous and tracked breathing for non asthmatic healthy
subjects.
Non-asthmatic

R(cm.H2O/ml/s)

Statistical result

E (cm.H2O/ml)

Statistical result

Trial nos.

types of
Ptb

Spont

Tracked

P-value

t- value

Spont

Track

P-Value

t-value

I

SFFP

2.5 ± 0.15

2.3 ± 0. 21

< 0.0001

75.88

18.1 ± 3.55

33.6 ± 7.4

< 0.0001

138.8

III

SFFP

2.4 ± 0.12

2.4 ± 0.14

< 0.0001

29.37

21.8 ± 4

25.5 ± 4.3

< 0.0001

45.56

I

CBFP-1

2.41 ± .20

2.09 ± 0.19

< 0.0001

126.5

11.98 ± 30

18.57 ± 10

< 0.0001

16.41

III

CBFP-1

2.28 ± .14

2.03 ± .43

< 0.0001

40.32

13.29 ± 8.7

12 ± 73

0.0897

1.697

I

CBFP-2

4.11 ± .10

3.71± .54

< 0.0001

4.023

19.6 ± 134

26.5 ± 281

0.0053

2.789

III

CBFP-2

3.94 ± .18

3.44± .22

0.0830

1.734

18.8 ± 19.6

21.02 ± 25

< 0.0001

5.228

Table 4 shows that the values for E during tracked breathing are higher than
during spontaneous breathing. Paired t-tests show that in most trials between spontaneous
and tracked breathing there is a significant difference in the means. The means were not
different for E during the 3rd trial for the CBFP-1 and for R during the 3rd trial for CBFP2.

49

3.3 Asthmatic Subjects

Similar tests were performed on the 8 asthmatic subjects using similar
perturbations described in section 2.2.
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Figure 22.Ensemble-averaged Resistance (R) values along with standard errors from 8 asthmatic
subjects.
Spontaneous breathing = Blue tracings; Tracked breathing = Red tracings; standard error spontaneous
breathing=black tracings; standard error tracked breathing = orange tracings. (A) Results obtained from the
first breathing trial, (B) results obtained from the third trial for SFFP.
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Figure 22 shows ensemble averaged R values along with standard errors from 8
asthmatic subjects obtained while performing both spontaneous and tracked breathing.
The data were collected using the single frequency flow perturbation. The left panel
shows the averaged results obtained during the first trials from both breathing maneuvers.
The right panel shows the averaged results from the third breathing trial of both breathing
maneuvers.
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3.3.2 Average Elastance
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Figure 23.Ensemble-averaged elastance (E) values along with standard errors from 8 asthmatic
subjects.
Spontaneous breathing = Blue tracings; Tracked breathing = Red tracings; standard error spontaneous
breathing=black tracings; standard error tracked breathing = orange tracings. (A) Results obtained from the
first breathing trial, (B) results obtained from the third trial for SFFP.
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Figure 23 shows ensemble averaged E values along with standard error from 8
non-asthmatic subjects obtained while performing both spontaneous and tracked
breathing maneuvers for single flow frequency perturbation. The left panel shows the
averaged results obtained during the first trials from both breathing maneuvers. The right
panel shows the averaged results from the third breathing trial of both breathing
maneuvers. The mean R and E during tracked breathing are similar to those during
spontaneous breathing. The results of the trials with other perturbations are summarized
in table 5.
Table 5. Ensemble of the average mean and standard deviation values for first and third trial for all
three perturbations introduced during spontaneous and tracked breathing for asthmatic healthy
subjects.
Asthmatic

R (cm.H2O/ml/s)

Trial nos. types of
Ptb

Statistical result

E (cm.H2O/ml)

Statistical result

Spont

Tracked

P-value

t- value

Spont

Track

P-Value

t-value

I

SFFP

3.32 ± 0.68

3.12 ± 0.15

< 0.0001

20.26

39.13 ± 9.8

39.91 ± 6.2

< 0.0001

4.018

III

SFFP

2.86 ± 0.15

2.86 ± 0.21

6.042

0.51

32.47 ± 4.1

33.89 ± 10

< 0.0001

8.401

I

CBFP-1

4.39 ± 0.15

1.16 ± 0.19

< 0.0001

10.55

12.18 ± 6

13.47 ± 29

0.0083

2.639

III

CBFP-1

4.2 ± 0.4

5.5 ± .18

< 0.0001

4.54

12.88 ± 26

32.6± 59

0.034

2.165

I

CBFP-2

2.28 ± 0.28

1.95 ± .35

< 0.0001

67.14

19.1 ± 5

20.9 ± 15

< 0.0001

8.066

III

CBFP-2

1.96 ± 0.61

2.31 ± .32

< 0.0001

31.59

13.9± 8

26 ± 19

< 0.0001

9.049

Table 5 shows that E during tracked breathing is consistently higher even in
asthmatic subjects than during spontaneous breathing. Paired t-tests show that there is a
significant difference in the means between spontaneous and tracked breathing, except
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for resistance during the 3rd trial for the single frequency flow perturbation in this group
of subjects.

3.4 Results Summary

The results show that current and flow values obtained from the electrical circuit
simulator and the FOT system were similar to each other, yielding an adequately
balanced side arm resistance that allowed 62.5 % of the piston flow to reach the subject.
The R was consistently lower during tracked breathing than spontaneous breathing in
both non-asthmatic and asthmatic subjects. However, an increase in E was observed
during tracked breathing compared to spontaneous breathing in both groups. Using
different perturbations showed no significant variations in R and E during both
spontaneous and tracked breathing.
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Chapter 4: Discussion

Our overall goal was to develop a modification to the Forced Oscillation
Technique system. The main motivation behind developing this modification is that when
we apply forced oscillations to a subject during spontaneous breathing, there may be
spectral overlap of the forced oscillations with the frequency content of the breathing
pattern, making it difficult to resolve the mechanical impedance of the respiratory system
in the region of overlap. Most power in respiratory flow lies close to the breathing
frequency, which in most humans is about 0.2 Hz (Jason.H.Bates 2008). Although most
power is seen close to 0.2 Hz, there is significant power seen at higher harmonics as well.
Most conventional FOT devices have thus not been able to effectively investigate lung
mechanics below about 4 Hz unless subjects hold their breath (Lutchen, Yang et al. 1993;
Frey, Silverman et al. 1998; Kaminsky, Irvin et al. 2008).

In this thesis, we address some important aspects of the modification that we
have investigated so far. These concern the engineering aspects of the system as well as
certain issues related to physiology.
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4.1Interpretation and significance of results

4.1.1 Engineering aspects

First, we addressed the necessity for having an optimal side arm resistance in the
lateral port. The function of the resistance was to retain sufficient flow generated by the
FOT piston in the main arm of the circuit, but at the same time not make it difficult for
the subject to breathe onto the system. In order to do this, we created an equivalent virtual
electrical circuit to mimic the FOT system. The procedure is discussed in section 2.4.
From Figure 18 we see that the electrical current obtained is similar to the flow
measurement obtained from the FOT device. The pressure in both systems is assumed to
be the same when there is no side arm or side pneumotachograph resistance. We
identified a side arm resistance that produces a flow (current) distribution between the
main arm and the side arm of 62.5% and 37.5%, respectively.
The other main aspect of instrumentation we address in this thesis was the use of
biofeedback. During tracked breathing we assigned a target flow to the subject and asked
them to control their breathing to try to follow the target path. In order to assist the
subjects with this task, a tracker ball was provided in the Tracked Breathing Trainer. As
the subjects breathe onto the FOT system, the pneumotachograph on the lateral port
measures their flow and sends it to the Tracked Breathing Trainer. The trainer then
indicates the subject’s breathing activity by moving the green tracker ball vertically.
Based on the movement of the assigned target path, the subject can control the tracker
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with their breathing flow based on visual feedback. We found that subjects were able to
follow the target satisfactorily with a few minutes of practice.

4.1.2 Physiological aspects

We addressed the effects of tracked breathing on impedance measurements.
Several studies (Lutchen, Yang et al. 1993; Kaczka, Ingenito et al. 1997; .Lundblad 2005)
have shown that lung resistance measurements in non asthmatic and asthmatic subjects
range from 1-6 cm.H2O.s.ml-1 and elastance measurements range from 10-40 cm.H2O.ml1

.The values of R and E obtained from the subjects in our study were similar to the values

from the previous studies. These values of R and E are shown in Tables 4 and 5.
We were concerned that the subjects, in order to control their breathing rate
while tracking, might vary their glottic aperture which could affect the lung impedance
measurements. From Figures 20 and 22, we see that the trend lines for R were
consistently lower during tracked breathing than during spontaneous breathing in both
groups of subjects. However, the reverse occurred for E where elastance increased during
tracked breathing compared to spontaneous breathing. This can be seen in Figures 21 and
23, and also in Tables 4 and 5.

We can think of two possible explanations for the decrease in R. One could be
that, during tracked breathing, the subjects tend to relax their glottic muscles. Relaxation
of upper airway causes impedance to decrease (Arthur C. Guyton 2006). However,
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relaxation of glottic muscles should also cause E to decrease, which was not the case.
There is always some glottic aperture variation during normal breathing, but the act of
concentrating on the target may have somehow interfered with impedance measurements.
To validate this explanation more studies need to be done which focus on correlating
tracked breathing with glottic aperture to observe changes in impedance.
The other possible explanation for decrease in R during tracked breathing could
be an effect of dynamic hyperinflation. During tracked breathing the subjects breathed
onto the FOT system for extended periods of time. This may have prevented the lungs
from having sufficient time to return to normal end-expiratory volume. This could lead to
an increase in mean lung volume, which in turn would cause R to drop (Hirai, McKeown
et al. 1999).
During spontaneous breathing, the subjects tended to come off the system more
frequently to take a few normal breaths than during tracked breathing. Some subjects
faced difficulties trying to maintain their breathing rate close to the assigned breathing
pattern, and so when they finally became comfortable they did not want to come off the
system because they were concerned about adjusting their breathing to the assigned
pattern again. This could have led to an increase in the mean volume inside the lungs.
Hirai et al have shown that low volume inside the lungs can cause closure of lung units
whereas high volumes can cause strain stiffening causing E to increase (Hirai, McKeown
et al. 1999). Another possible explanation is that subjects might tend to activate their
respiratory muscles during tracked breathing more than normal. In order to keep up with
the target, the subject may apply different breathing strategies, such as forced or rapid
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inhalation or exhalation, which would stiffen the muscles in the thorax and in turn
increase E of the respiratory system (Attinger E O 1959 ).

From Tables 4 and 5, we can see that in many of the cases the averaged values
of R and E varied, and to confirm statistical significance we performed a two-tailed
paired t-test. For most of the R and E measurements, the means were significantly
different between both tracked and spontaneous breathing. However, although these
differences are significant statistically, physiologically they are irrelevant. The
explanation is that the values of R and E reported in previous studies for non-asthmatic
subjects range from 1-3 cm.H2O.s.ml-1 and 10-20 cm.H2O.ml-1 and for asthmatic
subjects, they range from 1-4 cm.H2O.s.ml-1 and 10-40 cm.H2O.ml-1 (Lutchen, Yang et
al. 1993; Kaczka, Ingenito et al. 1997; .Lundblad 2005). The values of R and E, we
obtained in our study for non-asthmatic and asthmatic subjects during both maneuvers are
within 10 % of the range reported.
We found that the R and E values obtained using SFFP, CBFP-1 and CBFP-2
perturbations (Tables 4 and 5) are all similar during both spontaneous and tracked
breathing. This demonstrates that the application of FOT during tracked breathing
maneuver is robust in the face of differing perturbatory flow signals.
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One observation we made during testing Tracked Breathing Trainer was that
with tracked breathing, if we made all the subjects breathe at a fixed frequency, we could
easily align their inspiratory and expiratory phases of breathing. The advantage of doing
this is that we would be able to discern the changes in lung mechanics during each
inspiration and expiration. An example of this can be observed in Figures 20 and 21. The
fundamental breathing frequency for all 8 non-asthmatic subjects was found to be
approximately 0.2 Hz. Therefore, during tracked breathing the mean results show a
distinct sinusoidal trend line indicating changes in lung function during inspiration and
expiration. This distinct pattern was not seen in asthmatic subjects (Figures 22 and 23) as
the breathing frequency for each subject in that group was different. However, to observe
such an effect in asthmatic subjects, future studies need to be carried out where the
breathing target frequencies are constant for all subjects.
.
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Chapter 5. Limitations and Future Studies
In this study, we had to use two different computers for tracking and for driving
the FOT system. The reason for this was that the FOT driver software requires usage of
the DOS interface and the computer it was installed on uses a Pentium 1 processor with a
Windows 98 operating system. This made it difficult for us to install anything onto the
computer because the minimum requirement for the Tracked Breathing Trainer was a
Pentium 4 processor with a Windows XP or newer operating system. Also the only way
of transferring measurement files from the FOT driver computer was by using 1.44 MB
Floppy Disks. With newer technology such as USB flash drives, these floppy disks and
floppy disk readers are now obsolete and difficult to find in the market. Therefore, in
order to perform more studies with the human FOT system in the future, we need to
upgrade the existing FOT driver system, so that it can be operated from faster processors
and newer operating systems. This will also reduce usage of multiple computers and
provide the researchers with better interface options.

The study population used in this study is quite small. Our non-asthmatic group
consisted of 5 subjects that were recruited for initial testing of the modification and 3
subjects that were recruited later on. The asthmatic group consisted of 6 stable asthmatics
and 2 moderate to severe asthmatics. The FOT portion used the same protocols for all the
subjects. The PFTs were used only to verify if the subject being tested was asthmatic or
non-asthmatic. Also the severity of disease is different in different types of asthmatics,
which we ignored in the present study. It is known that severity of disease influences
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FOT measurements (Kaczka, Ingenito et al. 1997; Kaminsky, Irvin et al. 2008). We did
not find marked changes in impedance measurements in the population we tested. With a
larger population it might be possible to resolve differences in impedance between
asthmatic sub populations.

In this study, we used only a sinusoidal waveform for tracking, but there are
many other possible breathing maneuvers, such as constant inspiratory and or expiratory
flow over the vital capacity range (Tzelepis, Zakynthinos et al. 1997) or yoga techniques
such as pranayam (Jain, Rai et al. 1991). However, since this is the first time a
modification which uses visual bio-feedback has been applied to the FOT device, we
preferred to use a simple, tracking task. It was easy to create a sinusoidal target and to
train subjects to focus on it. Also other types of target might have required more subject
training which would have limited subject recruitment. This is something that should be
considered for future studies.

We used a time based series resistance-elastance-inertance model to fit to the measured
impedance data. The model we used represents the lung as a single pipe and balloon
model and considers the lung to be homogenously ventilated. It is known that asthma is a
heterogeneous disease (Anafi and Wilson 2001; Kaminsky, Irvin et al. 2008). The
asthmatic lung is therefore more accurately modeled as a multi-compartment non linear
system. Future studies might therefore use the constant phase model, the parallel lung
model, or the series lung model which have been used in many studies of lung mechanics
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involving modeling (Hantos, Daroczy et al. 1992; Kaczka, Ingenito et al. 1997; Suki,
Yuan et al. 1997) . We used the simple resistance-elastance-inertance model here because
it was the simplest way to understand lung mechanics while allowing us to test the
modification we made to the FOT device. We feel that the results which we have
obtained are sufficient to address the aspects that we are considering for this thesis.
However, future studies could be performed with other models on the data we have
acquired.
An important area for future research would be to design a formal study using
FOT with tracked breathing to address the problem of spectral overlap. With a known
breathing frequency, spectral overlap of forced oscillations over the fundamental
breathing pattern can be avoided, thus allowing us to investigate lung mechanics below
0.5 Hz.
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Nomenclature
CBFP-1: Composite Broadband Frequency Perturbation – 1
CBFP-2: Composite Broadband Frequency Perturbation – 2
COPD: Chronic Obstructive Pulmonary Disorder
E: Elastance
FEV: Forced Expiratory Volume
FOT: Forced Oscillation Technique
FVC: Forced Vital Capacity
f: Frequency
I: Inertance
IRB: Institutional Review Board
Lab VIEW: Laboratory Virtual Instrumentation Engineering Workbench
P: Pressure
PA: Alveolar pressure
Patm: Atmospheric pressure
Pe: Elastic pressure
PFT: Pulmonary Function Tests
Pmouth: Mouth Pressure
Po: Offset pressure
R: Total resistance
Raw: Airway resistance
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Rfilter: Filter resistance
Rpneumo: Pneumotachograph resistance
Rsar: Side arm resistance
Rt: Tissue resistance
SFFP: Single Frequency Flow Perturbation
V: Volume
.

V : Flow
..

V : Acceleration

VTG: Thoracic gas volume
Z: Impedance
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